The minichromosome maintenance (MCM) complex is thought to function as the replicative helicase in archaea and eukaryotes. In eukaryotes, this complex is an assembly of six different but related polypeptides (MCM2-7) but, in most archaea, one MCM protein assembles to form a homohexameric complex. Atypically, the Thermococcus kodakarensis genome encodes three archaeal MCM homologs, here designated MCM1-3, although MCM1 and MCM2 are unusual in having long and unique N-terminal extensions. The results reported establish that MCM2 and MCM3 assemble into homohexamers and exhibit DNA binding, helicase and ATPase activities in vitro typical of archaeal MCMs. In contrast, MCM1 does not form homohexamers and although MCM1 binds DNA and has ATPase activity, it has only minimal helicase activity in vitro. Removal of the N-terminal extension had no detectable effects on MCM1 but increased the helicase activity of MCM2. A T. kodakarensis strain with the genes TK0096 (MCM1) and TK1361 (MCM2) deleted has been constructed that exhibits no detectable defects in growth or viability, but all attempts to delete TK1620 (MCM3) have been unsuccessful arguing that that MCM3 is essential and is likely the replicative helicase in T. kodakarensis. The origins and possible function(s) of the three MCM proteins are discussed.
INTRODUCTION
The minichromosome maintenance (MCM) complex is thought to function as the replicative helicase in archaea and eukaryotes, the role played by DnaB in bacteria. In all eukaryotes, the replicative MCM complex is a heterohexamer formed by the assembly of six different homologs (MCM2 through MCM7) all of which are essential for viability. The MCM complex participates in both the initiation and elongation phases of DNA replication [reviewed in (1) (2) (3) (4) ]. The heterohexameric complex, and also trimeric complexes formed by MCM4, MCM6 and MCM7 have 3 0 !5 0 helicase activity in vitro although the replicative helicase in vivo seems to be a larger assembly of all six MCM homologs, Cdc45 and the GINS complex, together designated the CMG complex [Cdc45, MCM and GINS; (5-7)]. The replicative helicase in archaea is also thought to contain an MCM complex [reviewed in (8) (9) (10) (11) (12) ], but most archaea have only one MCM homolog. A central domain that embodies the AAA+ catalytic ATPase is conserved in both the archaeal and eukaryotic MCMs, but the eukaryotic proteins have N-and C-extensions that are not present in the archaeal MCM proteins. In contrast, archaeal MCMs have a C-terminal domain containing a helix-turn-helix motif that is not conserved in eukaryotic MCMs. As predicted, archaeal MCM complexes also have ATP-dependent 3 0 !5 0 helicase activity and can bind and translocate along single-stranded (ss) and double-stranded (ds) DNA, displace proteins bound to DNA and unwind DNA-RNA hybrids [reviewed in (9, 11, 12) ].
With many archaeal genome sequences now available, a few species with more than one MCM homolog have been identified with gene duplication and lateral gene transfer posited as explanations (13) (14) (15) (16) (17) . The genome of Thermococcus kodakarensis encodes three MCM homologs (here designated MCM1, MCM2 and MCM3) although MCM1 and MCM2 are unusual in having long and unique N-terminal extensions. With facile genetic technologies now established for T. kodakarensis, this species has become a model system for archaeal molecular biology research. Here, we report the results of a combination of biochemical and genetic approaches that establish that MCM2 and MCM3 have the activities expected for an archaeal MCM helicase but that only MCM3 appears essential for replication and viability.
MATERIALS AND METHODS

Media and growth conditions
Thermococcus kodakarensis cultures were grown anaerobically at 85 C in artificial sea water (ASW) containing trace minerals and vitamins supplemented with 5 g yeast extract and 5 g tryptone per l (ASW-YT medium) or with a mixture of 20 amino acids (ASW-AA) (18) . Sulfur (2 g/l) and/or sodium pyruvate (5 g/l) were also added to ASW-YT or ASW-AA where indicated. Gelrite (1% w/v) was added to solidify these media for plating. Cells competent for DNA uptake were prepared as described (19) .
Construction of T. kodakarensis deletion strains
Sequences that flank TK0096, TK1361 and TK1620 were PCR amplified from T. kodakarensis KW128 genomic DNA and were cloned into plasmid pTS535, adjacent to the [TK0254 (trpE) +TK0664] expression cassette, essentially as previously described (20) . The sequences of all PCR primers used in this study are available on request. The plasmids generated (Table 1) were used to transform T. kodakarensis TS517 (ÁpyrF; ÁtrpE::pyrF; ÁTK0664) with transformants selected by growth in the absence of tryptophan. Diagnostic PCR (Table 2) confirmed that the (TK0254 + TK0664) cassette was integrated into the T. kodakarensis genome, adjacent to the target gene and flanked by a direct duplication of genomic DNA. Expression of TK0664 resulted in these transformants being sensitive to 6-methyl purine (6 MP). Mutants spontaneously resistant to 6MP were selected as clones that grew on ASW-AA plates containing 100 mM 6MP. PCR and sequencing of genomic DNA isolated from representative clones, designated T. kodakarensis TS601 and TS602, confirmed that recombination between the duplicated genomic regions had precisely deleted the (TK0254 + TK0664) cassette and TK0096 or TK1361, respectively (Table 3 ). In contrast, although the 6MP R clones isolated following transformation with plasmid DNA containing TK1620 had lost the (TK0254 + TK0664) cassette, they all retained TK1620. Repetition of the transformation, selection and counter-selection steps, starting with T. kodakarensis TS601 (ÁpyrF; ÁtrpE::pyrF; ÁTK0664; ÁTK0096) as the recipient strain, generated T. kodakarensis TS604 (ÁpyrF; ÁtrpE::pyrF; ÁTK0664; ÁTK0096; ÁTK1361). All the T. kodakarensis strains used and generated in this study are listed in Table 3 .
Construction of MCM expression plasmids
Standard molecular biology procedures were used to construct plasmids, transform and select Escherichia coli DH5a transformants and isolate plasmid DNA from E. coli and T. kodakarensis. The genomic copy of TK1620 (MCM3) includes sequences that encode two inteins that were removed by using PCR as previously described (21) . The resulting open reading frame (here designated TK1620) and TK1361 (MCM2) were cloned into pET-21a (Novagen), with six histidine codons added in-frame to their 3 0 -termini, resulting in plasmids designated pET-TK1620 and pET-TK1361 ( Table 1 ). The gene (TK0096) encoding MCM1 was synthesized with six histidine codons added at the 3 0 -terminus and cloned into pET-21a by GeneArt, resulting in plasmid pET-TK0096. Derivatives of these plasmids were generated by site-directed mutagenesis in which the MCM-encoding sequence was changed to generate plasmids that encode Walker-A-box variants of MCM1 (K571E), MCM2 (K473E) and MCM3 (K335E). Derivatives that encode variants of MCM1 and MCM2 that lack the N-terminal extension (designated MCM1-ÁN and MCM2-ÁN), were generated by Plasmids pET-TK0096, pET-TK1361 and pET-TK1620 were transformed into E. coli BL21 DE3 Rosetta (Invitrogen) and expression of the MCM encoding gene was induced by addition of 0.5 mM IPTG to cultures growing in Luria-Bertani containing 100 mg/ml ampicillin and 25 mg/ml chloramphenicol at an OD 600 of $0.6. Incubation was continued for 16 h at 16 C. Cells were collected by centrifugation, resuspended and incubated in 50 mM Tris-HCl (pH 8), 500 mM NaCl, 10 mM imidazole and 10% glycerol (lysis buffer) at 55 C for 30 min, and then lysed by sonication. The lysate was clarified by centrifugation and loaded on to Ni 2+ -charged column (Chelating Sepharose Fast Flow, GE Healthcare) pre-equilibrated with lysis buffer. The column was washed with 50 mM Tris-HCl (pH 8), 1 M NaCl, 10% glycerol, 50 mM imidazole and then with 50 mM Tris-HCl (pH 8), 500 mM NaCl, 50 mM imidazole and 10% glycerol. The His 6 -tagged MCM protein was eluted from the column by washing with 50 mM Tris-HCl (pH 8), 500 mM NaCl, 250 mM imidazole and 10% glycerol, dialyzed and stored in 50 mM Tris-HCl (pH 7.5), 500 mM NaCl, 0.5 mM ethylenediaminetetraacetic acid (EDTA), 2 mM dithiothreitol (DTT) and 10% glycerol.
Size exclusion chromatography
An aliquot (200 mg) of each MCM protein, dissolved in 200 ml 25 mM Tris-HCl (pH 7.5), 500 mM NaCl and 10% (v/v) glycerol, was incubated for 1 h at 22 C and then subjected to chromatography, at 22 C, by passage through a Superdex-200 gel-filtration column (HR10/30; GE Healthcare) pre-equilibrated with 25 mM Tris-HCl (pH 7.5), 500 mM NaCl and 10% glycerol (v/v). Fractions (250 ml) were collected and the proteins present in a sample of each fraction were separated by electrophoresis through a 10% (w/v) polyacrylamide gel containing 0.1% sodium dodecyl sulfate (SDS) and visualized by staining with Coomassie brilliant blue (R250).
Helicase assays
Oligonucleotides MD007 and MD015 (Table 4) (Table 4) , and purified as previously described (22) .
DNA helicase activity was assayed in reaction mixtures (15 ml) that contained 20 mM Tris-HCl (pH 8), 2 mM DTT, 10 mM MgCl 2 , 1.5 mg BSA, 2 mM ATP, 10 fmol of C for 1 h and the reaction was then stopped by addition of 5 ml loading buffer (0.1% xylene cyanol, 0.1% bromophenol blue, 1% SDS, 50% glycerol and 100 mM EDTA), and placing the tube on ice. Aliquots (10 ml) were loaded onto an 8% (w/v) polyacrylamide gel and the [ 32 P]-labeled nucleic acids present were visualized and quantified by phosphor-imaging after separation by electrophoresis in 0.5Â TBE (45 mM Tris, 45 mM boric acid, 0.5 mM EDTA) for 40 min at 180 V. The helicase assays were repeated at least three times, and the averages of the results obtained, with standard deviations, are reported.
To determine the nucleotide requirements for helicase activity, reaction mixtures (15 ml) that contained the 25-bp DNA substrate, 1 pmol of the MCM protein and 2 mM ATP, dATP, ADP or [g-S]-ATP, or 1 mM CTP, dCTP, GTP, dGTP, UTP or dTTP were incubated at 70 C for 1 h. The reactions were stopped and the [ 32 P]-labeled products were separated, visualized and quantified as described above.
ATPase assays
ATPase activity was assayed in reaction mixtures (15 ml) that contained 25 mM Tris-HCl (pH 8), 5 mM MgCl 2 , 1 mM DTT, 1.5 mg BSA, 1.5 nmol of [g-32 P]ATP (3 kCi/ mmol), plus or minus 10 pmol of the 49-mer oligonucleotide MD008 (Table 4) , plus the MCM protein, as noted in the Figure 3 legend. After incubation at 75 C for 1 h, an aliquot (1 ml) of the reaction mixture was spotted on a polyethyleneimine cellulose thin layer plate. ATP and P i were separated by chromatography in 1 M formic acid Table 4 . Oligonucleotides used for DNA binding and to generate the helicase substrates Name Sequence C, FPA measurements were taken at 25 C using a Fluoromax-3 spectrofluorimeter equipped with an autopolarizer. The cuvette (3 mm path length) contained a starting volume of 150 ml, the reaction mixtures were excited at 645 nm and emission measured at 670 nm. Three measurements were taken, averaged over 5 s integration periods. The anisotropy values were directly tabulated with measured G factor and dark corrections acquired for each blank for each experiment. Binding constants (K d ) were calculated by using Grafit version 5.0.1, based on the following equation for fluorescent polarization anisotropy measurements:
where ÁA is the change in anisotropy, ÁA T is the total anisotropy change, E T is the enzyme concentration at each titration point, D T is the total concentration of DNA (assumed to be constant at 10 nM) and K d is the dissociation constant for the binding isotherm. All experiments were repeated and the average values obtained, with standard deviations, are reported.
RESULTS
The T. kodakarensis genome encodes three MCM homologs
Sequencing the T. kodakarensis genome (13) revealed the presence of three genes (TK0096, TK1361, TK1620) that were predicted to encode MCM homologs, here designated MCM1, MCM2 and MCM3, respectively. An alignment of their amino acid sequence with those of established archaeal (Supplementary Figure S1) and eukaryotic MCMs confirms the presence of all motifs needed for helicase activity, and demonstrates that MCM1 and MCM2 have unique 205 and 136 residue N-terminal extensions, respectively (Supplementary Figure S1) . As encoded in the T. kodakarensis genome, MCM3 contains two inteins, one between the Walker-A and Walker-B motifs of the AAA+ domain and the second is C-terminal to the Walker-B motif. An intein is present at the same location as the first MCM3 intein in the single MCM encoded in related Pyrococcal genomes, and there is an intein in a similar location to the second MCM3 intein in the MCMs of Methanoculleus marisnigri and Staphylothermus marinus (23). Figure S2) and a lysine residue conserved in the Walker-A motif (K473 in MCM2 and K335 in MCM3), was required for both ATPase (data not shown) and helicase ( Figure 1 and Supplementary Figure S2) activities. In contrast, MCM1 had much lower helicase activity in vitro. MCM1 exhibited low but detectable helicase activity with the 25-bp substrate at low enzyme concentrations ( Figure 1A , lane 5) but, for reasons that remain unclear, this activity decreased at higher enzyme concentrations ( Figure 1A , lane 6; Figure 1C ).
MCM2 and MCM3 have helicase activity
All three MCMs bind DNA and hydrolyze ATP
Helicase activity requires DNA binding followed by ATP-dependent translocation along the DNA substrate. Although MCM1 exhibited only low helicase activity, MCM1 bound DNA in the absence (Figure 2A ) and presence ( Figure 2B ) of ATP with affinities similar to that of MCM2, MCM3 and the DNA-binding affinities reported for other archaeal MCMs (27) (28) (29) . MCM1 and MCM3 had relatively low but readily measurable ATPase activities ( Figure 3A and C), with rates of ATP hydrolysis that were stimulated only $2-fold by the presence of DNA ( Figure 3D ), close to the activities reported for other archaeal MCMs (28, 30, 31) . MCM2, in contrast, exhibited robust ATPase activity ( Figure 3B ) and the rate of ATP hydrolysis was stimulated $7-fold by the presence of DNA ( Figure 3D ). Given that MCM1 and MCM3 have similar affinities for DNA and ATPase activities, it seems unlikely that a deficiency in DNA binding or ATPase activity explains the minimal ability of MCM1 to unwind DNA in vitro (Figure 1 ).
MCM2 and MCM3 form hexameric complexes
For helicase activity, six MCM subunits assemble to form a hexameric ring-shaped complex (4, 11, 32, 33) . Size exclusion chromatography revealed that MCM1 monomers (104 kDa) formed complexes in solution with an estimated molecular mass of $345 kDa ( Figure 4A ) and therefore that contained either three (312 kDa) or four (416 kDa) monomers. There was no evidence for assembly MCM1 into hexamers (636 kDa) in vitro providing one explanation for the lack of helicase activity under the experimental conditions investigated. It remains possible that MCM1 could assemble into hexamers at higher protein concentrations, as might exist in vivo. In contrast, MCM2 (94 kDa) eluted from the Superdex-200 column as two protein peaks, the first consistent with a mixture of monomers and dimers (estimated molecular mass of $140 kDa), and the second with hexameric complexes (estimated molecular mass of $500 kDa) ( Figure 4B ). MCM3 (77.4 kDa) eluted as a single protein peak ( Figure 4C) , with an estimated molecular mass of $440 kDa, consistent with a hexameric complex. Similar estimates for the sizes of the complexes formed by MCM1, MCM2 and MCM3 in solution were obtained by static light scattering (data not shown).
Removal of the N-terminal extension increases MCM2 helicase activity
As illustrated in Supplementary Figure S1 , MCM1 and MCM2 have N-terminal extensions, formed by 205 and 136 amino acid residues, respectively. MCM1-ÁN and MCM2-ÁN variants that lacked the N-terminal extensions were generated ( Figure 5A ), purified and their helicase activities determined ( Figure 5B and C) . As observed for MCM1, MCM1-ÁN had only minimal helicase activity in vitro. Surprisingly, in contrast, MCM2-ÁN had higher helicase activity than MCM2 ( Figure 5B and C) although the N-terminal deletion did not similarly increase the protein's ATPase activity (Supplementary Figure S3A and B) or DNA binding ability (Supplementary Figure S3C) . Apparently, the N-terminal structure of MCM2 modulates its helicase activity by a mechanism independent of ATPase activity and DNA binding.
Only MCM3 is essential for T. kodakarensis viability T. kodakarensis TS601 (ÁTK0096) and TS602 (ÁTK1361) were constructed without difficulty generating strains lacking MCM1 and MCM2, respectively. T. kodakarensis TS604 (ÁTK0096; ÁTK1361), a strain lacking both MCM1 and MCM2, was then readily generated from T. kodakarensis TS601 consistent with the loss of MCM1 not significantly reducing homologous recombination. Figure 6A illustrates the strategies used to confirm the genome organizations in T. kodakarensis TS601, TS602 and TS604, and examples of the diagnostic PCR and Southern blots results are shown in Figure 6B and C, respectively. Despite repeated attempts, we have been unable to generate a strain with TK1620 (MCM3) deleted arguing that MCM3 is likely essential for T. kodakarensis viability. As T. kodakarensis TS604 (ÁTK0096; ÁTK1361) exhibits no detectable growth defects, the presence of MCM3 is apparently sufficient for genome replication and, as in most archaea, the T. kodakarensis replisome can function with homohexamer assembly of one MCM homolog.
DISCUSSION
MCM3 is the replicative helicase in T. kodakarensis
Recombinant His 6 -tagged versions of the three MCM proteins predicted by bioinformatics to exist in T. kodakarensis have been purified and all three bind DNA and have ATPase activity in vitro that is dependent on an intact Walker-A motif (data not shown). However, only the MCM2 and MCM3 homologs spontaneously assembled into hexamers and exhibit robust helicase activity in vitro. In contrast, recombinant MCM1 did not form stable hexamers and exhibited barely detectable helicase activity in vitro. Deletion of the genes encoding MCM1 (TK0096) and MCM2 (TK1361) had no detectable effects on growth or viability arguing that these MCM homologs are not essential for replication provided MCM3 is present. In contrast, our inability to delete TK1620 strongly suggests, although it does not categorically prove, that MCM3 is essential for viability in T. kodakarensis TS517 and is likely the predominant and possibly the only MCM catalyzing T. kodakarensis genome replication. Providing further support for this conclusion, MCM3 is most similar in size to other archaeal MCMs and is encoded in an operon that also encodes the GINS23 (TK1619) subunit of the replisome (34, 35) . In contrast, MCM1 and MCM2 have atypical structures, with unique N-terminal extensions ( Figure 5A , Supplementary Figure S1 ) and their encoding genes are not closely linked in the T. kodakarensis genome to genes that encode known replication proteins. The initial genome annotation and a subsequent in-depth bioinformatics analysis have both concluded that TK0096 (MCM1) and TK1361 (MCM2) are located in regions of the T. kodakarensis genome that are remnants of past viral infections (13, 16) . It seems a reasonable hypothesis therefore that MCM1 and MCM2 are vestigial viral helicases, and that MCM3 is the endogenous archaeal MCM in T. kodakarensis. The same explanation, namely that one MCM homolog is the endogenous enzyme and any additional MCMs present were acquired through replicon infection, may also apply to the other archaea now found to have multiple MCMs (14) (15) (16) 36) . As proposed (14) , all the MCMs present may still be functional but, as the T. kodakarensis results suggest, one MCM, most likely the endogenous enzyme, may predominate in the archaeal genome replisome. Do MCM1 and MCM2 have non-essential functions in T. kodakarensis?
As MCM1 and MCM2 can be deleted, they do not have essential functions in T. kodakarensis TS517 synthesizing MCM3. In the past, MCM1 and/or MCM2, most likely in collaboration with host proteins, may have participated in the regulation and/or replication of an infecting viral or plasmid DNA or in the activation of a prophage. This would resemble the role of the simian virus 40 (SV40) large T antigen (37, 38) that, together with host proteins, contributes to both SV40 origin recognition and functions as the viral replicative helicase. Possibly, MCM1 and/or MCM2 had similar functions in archaeal viral replications in ancestors of the T. kodakarensis lineage with these activities regulated by their atypical N-terminal extensions.
Although their abundances remain to be determined, the presence of MCM1 and MCM2 in vivo has been established (39) arguing that they do likely have functions in T. kodakarensis. MCM1-His 6 and MCM2-His 6 isolated from T. kodakarensis cell lysates by binding to a Ni 2+ -charged matrix were present in complexes that also contained the archaeal DNA polymerases B and D and the processivity factor PCNA1 (39) . The presence of MCM1 and MCM2 in such complexes argues for their participation in DNA metabolic events, possibly in recombination and/or DNA repair and, consistent with this notion, MCM2 also co-purified from T. kodakarensis cell lysates with a MutS homolog, an established DNA repair enzyme (39) . The T. kodakarensis genome encodes two PCNA homologs, although biochemical and structural studies argue that only PCNA1 (encoded by TK0535) has properties in common with all other Table 2 ) hybridized and the locations of the HindIII and BamHI sites used in the Southern blot analyses are shown. (B) Agarose gel electrophoretic separation of PCR amplicons from genomic DNA of T. kodakarensis TS517 (ÁpyrF, ÁtrpE::pyrF, ÁTK0664), TS601 (ÁpyrF, ÁtrpE::pyrF, ÁTK0664, ÁTK0096), TS602 (ÁpyrF, ÁtrpE::pyrF, ÁTK0664, ÁTK1361) and TS604 (ÁpyrF, ÁtrpE::pyrF, ÁTK0664, ÁTK0096, ÁTK1361) with the positions of DNA size standards indicated. As shown, primers internal to TK1361 [primer pair I (A)] amplified a $600 bp molecule from T. kodakarensis TS517 and TS601, but failed to generate an amplicon from T. kodakarensis TS602 and TS604 genomic DNAs. Primers hybridizing to sequences that flank TK1361 (primer pair II) generated $3.8 kbp amplicons, which contain the TK1361 sequence (2.4 kbp) from T. kodakarensis TS517 and TS601, but amplicons that were only $1.4 kbp from T. kodakarensis TS602 and TS604 genomic DNAs consistent with the loss of TK1361. Primers specific to TK0096 (primer pair III) amplified $450 bp amplicon from T. kodakarensis TS517 and TS602, but failed to generate an amplicon from T. kodakarensis TS601 and TS604 genomic DNAs. Primers that hybridized to sequences flanking TK0096 (primer pair IV) generated $4.4 kbp amplicon, which included the TK0096 sequence (2.7 kbp) from T. kodakarensis TS517 and TS602, but amplicons that were only $1.6 kbp amplicon from T. kodakarensis TS601 and TS604 genomic DNAs consistent with the loss of TK0096. (C) Southern blot analyses of genomic DNA. Genomic DNA (10 mg) Figure 6 . Continued from T. kodakarensis TS517 (ÁpyrF, ÁtrpE::pyrF, ÁTK0664); TS601 (ÁpyrF, ÁtrpE::pyrF, ÁTK0664, ÁTK0096); TS602 (ÁpyrF, ÁtrpE::pyrF, ÁTK0664, ÁTK1361) and TS604 (ÁpyrF, ÁtrpE::pyrF, ÁTK0664, ÁTK0096, ÁTK1361) was digested with HindIII (left panel) and BamHI (right panel). The products were separated by electrophoresis through 0.8% agarose gels, denatured and transferred to a Zeta-probe membrane as previously described (19) . The membranes were incubated with a [ 32 P]-labeled oligonucleotide that hybridized to a sequence internal toTK0096 (left panel) or TK1361 (right panel). TK0096 is located within $7 kbp HindIII fragment that was present only in T. kodakarensis TS517 and TS602 genomic DNAs. TK1361 is located within $3 kbp BamHI fragment (right panel) that was present only in T. kodakarensis TS517 and TS602 genomic DNAs.
archaeal PCNAs (40) , and only PCNA1 is essential for T. kodakarensis viability (TJS, MP, ZL, JNR and ZK, unpublished data). Based on their co-isolation in complexes, both MCM1 and MCM2 interact with PCNA1 but not PCNA2 (encoded by TK0582). Studies are now underway to determine if T. kodakarensis strains lacking MCM1, MCM2 and/or PCNA2 exhibit defects in DNA repair and/or recombination.
